Actinin-4 is an isoform of non-muscular a-actinin and actin-bundling protein. By enhancing cell motility, actinin-4 shows different biological properties from another isoform of non-muscular actinin 'actinin-1' and variable clinicopathological implications of actinin-4 have been demonstrated in some human malignancies such as breast cancers, lung cancers, and colorectal cancers. We herein described the clinicopathological and prognostic significance of actinin-4 expression in ovarian cancers. Actinin-4 expression was analyzed immunohistochemically in 265 primary ovarian carcinomas: 116 serous, 71 clear cell, 43 endometrioid, and 35 mucinous adenocarcinomas. With reference to endothelial immunoreactivity, cytoplasmic expression of actinin-4 was classified as either low (including negative) or high. Then, various parameters such as patients' characteristics, histopathological findings including E-cadherin and b-catenin immunoreactivity, and clinical outcome, were compared between groups showing differences in the intensity or intracellular distribution of actinin-4 immunoreactivity. High expression of actinin-4 was demonstrated in 137 (57%) cases and was associated with serous histology (P ¼ 0.0075), high histological grade (Po0.0001), an advanced disease stage (P ¼ 0.036), a high degree of residual disease after initial surgery (P ¼ 0.0047), poor patient outcome (5-year survival: 52.4% in the high-expression group vs 71.9% in the low expression group, P ¼ 0.0043 by log-rank test), and also with reduced E-cadherin and preserved b-catenin expressions (P ¼ 0.0097 and 0.017, respectively). Nuclear immunoreactivity for actinin-4 was detected in 20 (7.5%) cases and was associated with low histological grade (P ¼ 0.0079) but not with other variables. Multivariate analysis showed that high actinin-4 expression was an independent prognostic factor for overall survival, as well as a high degree of residual disease and clear-cell histology. Accumulation of actinin-4 in the cytoplasm may be related to a higher propensity for tumor invasiveness and metastasis, probably by enhancing cell motility, and could be a novel prognostic indicator for patients with ovarian carcinomas. Keywords: actinin-4; cell adhesion; cell motility; ovarian cancer; prognostic factor Metastasis is a critical process associated with tumor progression, involving several steps beginning with local invasion, followed by infiltration into vessels, survival in the circulation, extravasation, and growth at secondary sites.
Metastasis is a critical process associated with tumor progression, involving several steps beginning with local invasion, followed by infiltration into vessels, survival in the circulation, extravasation, and growth at secondary sites. [1] [2] [3] Better comprehension of these steps provides insight into the mechanism of cancer spread, and thus also offers the possibility of devising more efficient forms of therapy for cancer patients. Although the mechanism of local invasion is still largely unknown, one crucial requirement is acquisition and enhancement of cell motility. 4 Various molecular components of the cytoskeleton, cell adhesion, and signaling systems seem to be involved in the regulation of cell motility. [5] [6] [7] [8] Actinin-1 is an isoform of non-muscular a-actinin preferentially localized on the inner surface of cells, being a component of focal adhesion plaques and cell-to-cell adherence junctions. Actinin-4, another isoform of non-muscular a-actinin, was recently identified as an actin-bundling protein. 9 The actinin-4 protein is highly concentrated at the leading edge of the cytoplasm of motile cells or actively moving structures such as cell-surface ruffles. [9] [10] [11] [12] The cytoplasmic expression levels of actinin-4 are significantly increased in cells exhibiting enhanced motility. 9, 10 Increased cytoplasmic expression of actinin-4 is reportedly associated with histologically invasive phenotypes of breast cancer, poor prognosis of breast and non-small cell lung cancers, and lymph node metastasis of colorectal cancer. 9, 10, 13 Notably, Honda et al 9 have also reported the expression of actinin-4 in the nucleus of several cancer cell lines and some low-infiltrative histological subtypes of breast cancer. This nuclear expression was shown to result from translocation of actinin-4 induced by phosphatidylinositol 3-kinase (PI3-K) inhibitor or by cytochalasin D, which inhibits actin polymerization. 9 Therefore, it has been suggested that nuclear translocation of actinin-4 is caused by loss of its association with the cytoplasmic actin cytoskeleton.
Epithelial ovarian cancer, accounting for 90% of all ovarian malignant tumors, is the leading cause of death among female genital malignancies.
14 Because ovarian cancer is often asymptomatic in its early stages, its poor prognosis is attributable to extensive dissemination and metastasis that is already present at the time of diagnosis. Particular cell-to-cell adhesion molecules, especially E-cadherin and associated catenins, are thought to be involved in progression of ovarian cancer. [15] [16] [17] [18] [19] Indeed, downregulation or abnormal expression of E-cadherincatenin proteins has been reported to be associated with poor histologic differentiation of tumors, increased risk of peritoneal metastasis, and poor patient outcome in ovarian cancer as well as in various solid cancers at other primary sites. [19] [20] [21] [22] [23] [24] Although, for disease progression, ovarian cancer cells should require cell motility besides loss of cellto-cell adhesion, the molecular backgrounds underlying this process is still unclear.
In the present study, we immunohistochemically investigated the state of actinin-4 expression in a large series of ovarian cancers applied to tissue microarrays (TMAs). Then to assess the clinicopathological significance of actinin-4 expression, various parameters such as patients' characteristics, histopathological findings including E-cadherin and b-catenin immunoreactivity, and clinical outcome were compared between groups showing differences in the intensity or intracellular distribution of actinin-4 immunoreactivity.
Materials and methods

Patients and Tissue Samples
This study was performed with the approval of the Internal Review Board on ethical issues. All patients involved in the study gave their informed consent to participate. We reviewed the clinicopathological records of 265 patients who had undergone initial surgery followed by platinum-based chemotherapies for primary ovarian cancer at the Department of Obstetrics and Gynecology (National Defense Medical College Hospital, Tokorozawa, Japan) between 1986 and 2004. None of the patients had undergone neoadjuvant chemotherapy or radiation therapy before surgery.
Formalin-fixed paraffin-embedded tissue samples were obtained at the Department of Laboratory Medicine. All pathology specimens were reviewed in our institution, and the histological types of the tumors were classified according to the WHO criteria. 25 Histological grading, with reference to the grading system proposed by Shimizu et al 26 and Silverberg 27 ( Table 1) , was performed by two observers independently, and cases without agreement were discussed until a consensus was acquired. The staging of tumors was assigned according to the International Federation of Gynecology and Obstetrics (FIGO) system. The chemotherapeutic regimens comprised cyclophosphamide, doxorubicin and cisplatin (CAP) for 158 patients, paclitaxel and carboplatin (TJ) for 46, irinotecan and cisplatin (CPT-P) for 27, etoposide and cisplatin (EP) for 14, docetaxel and carboplatin (DJ) for 11, cyclophosphamide and cisplatin (CP) for 6, irinotecan and carboplatin (CPT-J) for 2, and cyclophosphamide and carboplatin (CJ) for one.
Clinical response to chemotherapy was evaluated by ultrasonography or computed tomography and classified into complete response (CR), partial response (PR), stable disease (SD), or progressive disease (PD) according to the new Response Evaluation Criteria for Solid Tumours (RECIST) guide- Actinin-4 and ovarian cancer S Yamamoto et al lines. 28 Clinical response was assessed for the 85 patients with residual tumors Z 2 cm in size after initial surgery.
Clinicopathological details such as age, FIGO clinical stage, histological type and grade of the tumor, residual tumor after initial cytoreduction, response to chemotherapy, and overall patient survival were assessed for all patients. Details of lymph node status were obtained for 143 cases. Recurrence was assessed for 107 patients for whom complete cytoreduction (optimally no residual disease) was possible, and death caused by recurrent tumor was counted as a recurrence event.
Follow-up was calculated from the date of initial definitive surgery to the date of either last follow-up or death. The average follow-up period after initial surgery was 51.9 months, ranging between 2 and 227 months. Eighty-five (32.1%) of 265 patients died because of their tumor burden, and 3 patients died due to other causes.
TMA and Immunohistochemistry (IHC)
To construct TMA blocks, we selected formalinfixed paraffin-embedded cancer tissue blocks from all cases containing the areas that had been used for histological grading. Two core specimens, 2.0 mm in diameter, for each case were taken from these blocks and transferred to recipient blocks using a Tissue Microarrayer (Beecher Instrument, Silver Spring, MD, USA). These TMA blocks were then cut into 4-mm thick sections and subjected to IHC.
The anti-actinin-4 rabbit polyclonal antibody (Ab-2, diluted 1:500) had been raised against the synthetic peptide NQSYQYGPSSAGNGAGC, a unique N-terminal sequence of actinin-4 as described previously. 10, 29 Other primary antibodies used were anti-E-cadherin (clone NCH-38, 1:100, Dako, Glostrup, Denmark) and anti-b-catenin (rabbit polyclonal, ready-to-use, Lab Vision).
The TMA sections were deparaffinized, subjected to antigen retrieval by autoclaving in sodium citrate buffer (pH 6.0) for 15 min at 1211C for actinin-4, and by heating in a microwave oven in sodium citrate buffer (pH 6.0) for 20 min at 971C for E-cadherin and b-catenin, then allowed to cool at room temperature. Endogenous peroxidase was blocked using 5% hydrogen peroxide, and non-specific staining was blocked in 2% normal swine serum. The slides were incubated with primary antibodies at 41C overnight and then reacted with a dextran polymer reagent combined with secondary antibodies and peroxidase (Envision Plus; Dako) for 1 h at room temperature. Specific antigen-antibody reactions were visualized using 0.2% diaminobenzidine tetrahydrochloride and hydrogen peroxide. Counterstaining was performed using Mayer's hematoxylin.
In the present study endothelium contained in the TMA cores was used as an internal control for actinin-4 ( Figure 1a ). Normal skin was used as a positive control for E-cadherin and b-catenin. As negative controls, the primary antibodies were omitted from each reaction process, and absence of immunoreactivity was confirmed.
Evaluation of IHC
To evaluate the results of IHC for actinin-4, the presence and intensity of the immunoreaction, and its intracellular distribution-whether cytoplasmic and/or membranous, nuclear, or a combination of these-were first recorded. An immunoreaction was considered to be present if one or two cores contained some tumor cell nests or at least regional tumor cells showing immunoreactivity for actinin-4 with any intensity or subcellular distribution. By referring to the intensity of endothelial immunoreactivity as a standard, the intensity of cytoplasmic and/or membranous immunoreactivity was divided into one of the two grades: low or high. Actinin-4 Actinin-4 and ovarian cancer S Yamamoto et al expression was considered to be high if the intensity of the cytoplasmic and/or membranous immunoreactivity was equal to or higher than that in the endothelial cells. Otherwise, actinin-4 expression was defined as low. We categorized the cytoplasmic and membranous reaction together, because actinin-4 has been shown to elicit its capacity for enhancing cell motility by bundling the actin-cytoskeleton located at the inner surface of the cytoplasm, where actinin-4 being highly concentrated in membrane ruffles, and also because distinction between cytoplasmic and membranous expression is often difficult in tumor cells with scant cytoplasm. 9, 10 Cell membranous immunoreactivity was used as a reactive parameter for both E-cadherin and b-catenin, and nuclear immunoreactivity was also assessed for b-catenin. On the basis of the previous report, membranous immunoreactivity with both anti-E-cadherin and anti-b-catenin antibodies was scored according to the presence and extent of the immunoreaction, then divided into reduced and preserved groups according to whether immunoreactive tumor cells comprised o50% or Z50% of the total cancer cell population in each core. 18 Nuclear immunoreactivity for both actinin-4 and b-catenin was defined as present when one or two cores contained some tumor cell nests or at least regional tumor cells showing immunoreactivity with each antibody.
Statistical Analysis
Statistical analyses were performed using StatMate III software (ATMS, Tokyo, Japan). Comparisons between parameters were computed by the w 2 test or Student's t-test for unpaired data. For survival analysis, Kaplan-Meier curves were drawn and differences between the curves were calculated by the log-rank test. Independent prognostic significance was computed by the Cox proportional hazards general linear model. Differences at Po0.05 were considered to be statistically significant.
Results
Actinin-4-Immunoreaction in Ovarian Carcinomas
Results of IHC for actinin-4 are summarized in Table 2 . Cytoplasmic immunoreactivity was found in 231 (87.2%) of the 265 cases: 137 (59.3%) and 128 (40.7%) were classified as high expression and low expression, respectively (Figure 1b-d and f) . Among the latter, 34 cases with no actinin-4 expression were included.
Nuclear immunoreactivity was identified in 20 (7.5%) of the 265 cases: 5 (25%) cases showed only a nuclear reaction (Figure 1e ) and the remaining 15 (75%) showed cytoplasmic co-immunoreactivity. Of the latter 15 cases, 6 (40%) were considered to have high cytoplasmic expression (Figure 1f ).
Correlation between Actinin-4 Expression and Clinicopathological Parameters
There were no significant differences between the high (n ¼ 137) and low (n ¼ 128) actinin-4 expression groups with regard to mean patient age, frequency of lymph node metastasis, rate of the chemosensitive tumor and recurrence (Table 3) Table 3) . Patient survival curves also differed significantly between the two groups (P ¼ 0.0043, log-rank test; Figure 2 ). The 5-year survival rates were 52.4 and 71.9% in the high and low actinin-4 expression groups, respectively.
To assess the clinicopathological significance of actinin-4 nuclear immunoreactivity, the variables used above were compared between cases showing nuclear immunoreactivity (with and without cytoplasmic immunoreactivity) (n ¼ 20) and cases showing high actinin-4-expression without nuclear immunoreactivity (n ¼ 131) (Table 4) . Except for histological grade, no parameters differed significantly between the two groups. Although 45 (34%) of the 131 tumors showing high actinin-4 expression were histological grade 3, only 1 (5%) of the 20 tumors showing nuclear immunoreactivity was grade 3 (P ¼ 0.0079).
Correlation between Actinin-4 and E-Cadherin/ b-Catenin
Tumors with high actinin-4 expression were more frequently associated with the E-cadherin-reduced phenotype (P ¼ 0.0097), and with the b-cateninpreserved phenotype (P ¼ 0.017). Tumors with nuclear actinin-4 immunoreactivity were not associated with the immunoreactive phenotypes of Actinin-4 and ovarian cancer S Yamamoto et al E-cadherin or b-catenin, or with nuclear immunoreactivity for b-catenin (Table 5) .
Multivariate Analysis
Cox univariate analysis including 11 parameters showed that advanced FIGO stage (P ¼ 0.0015), the presence of residual tumor Z2 cm (Po0.0001), a histology of clear cell adenocarcinoma (P ¼ 0.0030), and high actinin-4 expression (P ¼ 0.0022) were correlated with worse patient outcome (Table 6a) . Additionally, a histology of endometrioid adenocarcinoma was correlated with favorable patient outcome (P ¼ 0.0083). Cox multivariate analysis including these five variables identified high actinin-4 expression as an independent prognostic factor for overall survival (P ¼ 0.026), as well as the presence of residual tumor Z2 cm (P ¼ 0.0005) and a histology of clear cell adenocarcinoma (Po0.0001; Table 6b ).
Discussion
Enhancement of cancer cell motility through remodeling of the actin cytoskeleton plays a crucial role in the process of cancer invasion and metastasis. Bundling of the actin cytoskeleton and its intracellular distribution directly determine cell motility. a-Actinin has been recognized to cross-link actin filaments, and two types of non-muscular a-actininactinin-1 and actinin-4-have been identified. 30 Actinin-1, specifically localized at the ends of actin stress fibers, is thought to be associated with cell adhesion molecules such as integrin-b and a-catenin, and plays an important role in stabilizing cell adhesion, thus regulating cell shape and cell motility. 31, 32 On the other hand, actinin-4 protein is not localized to focal adhesion plaques or adherens junctions. 9 Moreover, some cancer cell lines in which actin stress fibers are poorly developed show diffuse dispersal of actinin-4 in the cytoplasm and a high concentration in the cytoplasm in areas where the cell is sharply extended. 9 The differences in intracellular distribution between these two nonmuscular a-actinin isoforms indicate that they have different functions.
In the present study, we compared cytoplasmic actinin-4 expression with its intensity in capillary endothelium, and found that 51.7% (137 of 265 cases) of ovarian carcinomas showed high expression. High actinin-4 expression in tumors was significantly associated with advanced clinical stage, a serous histology, a high histological grade, a high degree of residual tumor, and a poor patient outcome. 
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Multivariate analysis indicated that high actinin-4 expression as well as the extent of residual tumor and the histology of clear cell adenocarcinoma were independent prognostic factors. To our knowledge, this is the first report to describe the state of actinin-4 in ovarian carcinomas and to demonstrate its clinicopathological significance. As well as carcinomas of other organs, such as the breast, colon, and lung, the increased actinin-4 expression in ovarian carcinomas has been suggested to be associated with tumor cell motility, invasiveness, and metastatic potential. The similar clinicopathological impact of actinin-4 expression in carcinomas of different organs suggests that actinin-4 may be universally expressed in various malignant neoplasms and involved in their invasion and metastasis.
In this study, nuclear expression of actinin-4 was recognized in 20 of 265 cases (7.5%), and was correlated with low histological tumor grade. Honda et al 9 demonstrated that actinin-4 was localized in the nucleus of some solid cancer cell lines and certain populations of breast cancers that showed a low-infiltrative histology. These findings were compatible with the association of nuclear actinin-4 expression with low-grade histology of ovarian cancer in the present study, although the population of cases showing nuclear expression was somewhat small, and there was no relationship between nuclear expression and other clinicopathological variables.
A previous study has demonstrated that nuclear translocation of actinin-4 was introduced by treatment with wortmannin, a PI3-K inhibitor, or with cytochalasin D, an inhibitor of actin polymerization.
9 PI3-K is thought to be one of the key molecules involved in the signaling pathways of activated receptor tyrosine kinases and in the regulation of cell growth, motility, and morphogenesis. [33] [34] [35] Shayesteh et al 36 demonstrated that the copy number of PIK3CA, the gene encoding the P110a catalytic subunit of PI3-K, was increased in approximately 80% of primary ovarian cancers and several ovarian cancer cell lines. It has also been demonstrated that another PI3-K inhibitor, LY294002, significantly inhibited tumor growth and ascites formation by ovarian carcinoma in vivo and markedly inhibited cancer cell proliferation in vitro, suggesting an important role of PI3-K in the growth of ovarian carcinoma. 37 Therefore, comprehension of the intracellular dynamics of actinin-4 protein, especially its interaction with PI3-K, may help to reveal possible therapeutic approaches for invasion and metastasis of ovarian cancer.
The inverse relationships between actinin-4/ b-catenin and E-cadherin immunoreactivity revealed in this study were of considerable interest. Formerly, it had been considered that b-catenin was a cell adhesion molecule cooperating with the cytoplasmic domain of E-cadherin. In addition, b-catenin has now been recognized as a multifunctional protein, its functional roles being dependent on the intracellular locations and types of partner proteins with which it forms a complex.
Of these, Hayashida et al 38 recently demonstrated that, in human colorectal cancer cells, actinin-4 recruits b-catenin into the actin-rich cytoplasmic portion when E-cadherin expression is decreased. Also, the association of actinin-4 and b-catenin was suppressed by transfection with E-cadherin cDNA, but induced by interfering RNA for E-cadherin. 38 These findings appear compatible with the present Actinin-4 and ovarian cancer S Yamamoto et al data, and suggest that molecular and functional association occurs between actinin-4 and b-catenin in ovarian carcinomas.
In summary, we have demonstrated that actinin-4, an actin-bundling protein with a capacity for enhancing cell motility, is frequently expressed in ovarian carcinomas. Its highly intense immunoreactivity, probably resulting from cytoplasmic accumulation of actinin-4 protein, was associated with a histologically high-grade tumor, an advanced clinical stage, a high degree of residual tumor, and a poor patient outcome. IHC for actinin-4 could be a novel prognostic indicator in patients with ovarian carcinoma. Nuclear expression of actinin-4 and its association with the functions of PI3-K would be worth investigating to devise promising therapeutic approaches for actinin-4-positive ovarian carcinomas.
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